The effect of set-back distance on the thermo-mechanical behavior of the strip during twin roll casting (TRC) of an AZ31 magnesium alloy was modeled using finite element method (FEM). Model validation was done by comparing the predicted and measured exit strip surface temperature as well as the secondary dendrite arm spacing (SDAS) through the thickness of the sheet to those measured during experiments. Model results showed as the set-back distance increases, the strip exit temperature decreases and the solidification front moves toward the entry of the roll gap. The cast strip also experiences more plastic deformation and consequently, the normal stress on the strip surface and effective strain at the strip center-line increase. Moreover, higher separating forces were predicted for longer set-back distances. Model predictions showed that changing the set-back distance by varying the final thickness has a more significant effect on the temperature and stress-strain fields than altering the nozzle opening height.
Introduction
Currently, most magnesium application in the automotive industry is limited to die casting due to the low formability of magnesium. The twin roll casting (TRC) process is an alternative near net shape manufacturing process for producing magnesium sheet since it integrates casting and hot rolling into one process. TRC typically produces magnesium sheets with thicknesses of 2e10 mm. Zhao et al. [1] reported that during the TRC process, the sheet will experience solidification cooling rates in the range of 10 2 e10 3 C/s. Di et al. [2] observed that this high cooling rate leads to a more uniform distribution of g-phase in the as-cast microstructure of twin roll cast AZ31 in compare to Direct Chill (DC) casting. Nakaura et al. [3] investigated the secondary dendrite arm spacing (SDAS) achieved during AZ31 TRC which ranged 5e6.5 mm, while the averaged SDAS obtained by DC casting is around 34 mm.
To date some thermal-fluid models have been developed for TRC of magnesium alloys by coupling transport phenomena with solidification effects. Zhao et al. [1] obtained the flow field and temperature distribution in the strip for AZ31 magnesium alloy by developing a thermal-fluid FEM model to analyze the effect of casting speed, strip final thickness, heat transfer coefficient and casting temperature. Bae et al. [4] studied the effect of nozzle configuration and casting speed on the temperature distribution and flow field in the roll bite region by developing a 2-D thermal-fluid finite difference model for vertical twin roll casting of AZ91 magnesium alloy. A CFD model was developed by Zeng et al. [5] to predict the fluid flow and temperature distribution during twin roll casting of AZ31 with an asymmetric nozzle which provided different contact lengths on the upper and lower rolls.
In the current study, a thermal-fluid-stress model has been developed for AZ31 magnesium alloy TRC process using the finite element method (FEM). This model is capable of coupling transport phenomena to stress-strain development in the cast strip. The aim of the study was to analyze the effect of set-back distance on the thermo-mechanical behavior of the AZ31 strip during TRC. Strip exit temperature, normal and shear stress development on the strip surface, effective strain at the center-line and roll separating force were studied for different casting speeds and set-back distances. Both nozzle opening height (entry thickness) and roll gap (final thickness) were varied to change the set-back distance.
Experimental procedure
The TRC facility was studied for this research is currently the only facility in Canada capable of producing twin roll cast magnesium. The facility is based at CanmetMATERIALS located in Hamilton, Ontario, Canada. The roll diameter of the facility is 355 mm. The rolls are made from tool steel H13 and the facility has the ability to achieve speeds up to 6.0 m/min. The thickness of the cast strip can vary between 2 and 8 mm and the width of the strip ranges in 150e250 mm.
The commercial AZ31 magnesium alloy ingots were melted in an electric resistance furnace under protective gas, a mixture of SF 6 and N 2 . The molten material was then transferred to the headbox using a melt delivery system. The temperature of the molten material at the headbox was monitored and maintained at the desired value. The gap between the two rolls was set to the desired strip thickness and once the temperature of the nozzle reached an appropriate value (w700e740 C), the molten magnesium was fed through the nozzle to the roll bite region. Melt temperature in the furnace, melt level and temperature in the headbox, nozzle temperature, strip surface temperature at the exit point of the caster, casting speed, roll surface temperature and coolant water temperature were acquired during the process. In total, eight TRC trials were conducted under varying casting temperature, casting speed and entry/final thickness conditions as shown in Table 1 .
After TRC, the as-cast strips were characterized using optical metallography in terms of microstructure through thickness and secondary dendrite arm spacing (SDAS). The samples were chosen from the mid-width position of the strips and studied through their thickness in the casting direction. To measure the SDAS, the primary dendrite branches were identified and the secondary dendrite arms were considered as those developed from the primary arms; as suggested by Grugel [6] and Turhal and Savaskan [7] . The center-to-center distance between the neighboring arms was then measured to determine the SDAS. In total a minimum of three samples and 60e90 secondary dendrites were analyzed for each test condition to ensure statistically the measurements were accurate.
Model validation was done by comparing the predicted and measured strip surface temperature and SDAS through the strip thickness. The temperature of the strip surface at 5cm away from the caster exit was measured using a laser pyrometer for all trials. Cooling rates used for SDAS predictions were calculated by evaluating the solidification time at various positions through the thickness of the strip. According to the work done by Allen et al. [8] the relation between cooling rate and secondary dendrite arm spacing for AZ31 magnesium alloy follows Eq. (1). This empirical relation, which is valid for cooling rate ranges 10 À1 to 10 6 C/s, was used in the current study to correlate the predicted cooling rates and SDAS.
where CR is the averaged cooling rate (in C/s) and l is the secondary dendrite arm spacing (in mm). Fig. 1 shows a 2D schematic of a twin roll caster. [ 1 is the set-back distance, the distance between the nozzle entry and the caster kissing point (the point where the least distance between two rolls occurs). Region represents 100% liquid metal, region shows the mushy zone (the mixture of solid and liquid metal) and region represents the fully solid metal. The following assumptions were made in developing the model:
Mathematical model

Model overview
I. The process is dominated by transport phenomena and deformation in two dimensions. In the third dimension (across the width) there is no significant heat transfer, fluid flow or deformation (plane strain deformation). II. Due to symmetry only the top half of the strip and part of the top roll was modeled in the simulation. III. The fluid flow is laminar when exiting the nozzle tip and entering the roll bite. IV. The rolls are rigid and do not deform elastically.
The important physical phenomena which occur during the process and are integrated in the model include:
I. Heat transfer and fluid flow in the melt sump (liquid metal, zone in Fig. 1 ). II. Heat transfer, fluid flow and latent heat of fusion release in the mushy zone and deformation in the material once the coherency point is reached, (zone in Fig. 1 ). III. Heat transfer and plastic deformation in the solid phase (zone in Fig. 1 ). IV. Heat transfer from the magnesium sheet to the roll surface, and V. Heat transfer inside the roll material and from the roll's sleeve to the circulated water.
Governing equations
In order to model the fluid flow and heat transfer phenomena the basic mass, momentum and energy conservation equations were solved as shown in Eqs. (2)e(4).
Mass conservation equation:
Momentum conservation equation:
Energy conservation equation:
where u i is the ith component of the velocity vector, r is density, g is the gravity vector, m is dynamic viscosity, p is pressure, C p is material specific heat, k is the thermal conductivity and T is temperature. Since solidification occurs during the process and the latent heat associated with fusion is released, a modification was applied to the energy conservation equation to account for this effect. Therefore, an equivalent specific heat capacity is defined and implemented to the energy conservation equation, as shown in Eq. (5) [5] . Moreover, the mushy zone (mixture of solid and liquid) acts as a porous medium and affects the fluid flow, this effect is taken in account by adding a source term to the momentum conservation equation and Eq. (3) is modified as shown in Eq. (6) [5] .
where H is the enthalpy, H ref reference enthalpy (here the latent heat of fusion), C P specific heat capacity, T ref reference temperature (here solidus), C is a constant of the liquid phase between 10 4 and 10 7 [9] , f l is the fraction liquid, ε a small number to avoid division by zero when the liquid fraction approaches zero and u r,j is the roll velocity component in the jdirection (in this case it is assumed to be casting velocity in the x-direction and 0 in other directions).
For the thermal elastic-plastic model, the material is defined as an isotropic elastic-viscoplastic material. The velocity field below the coherency temperature which is used to calculate the strain was determined by minimizing the energy functional as shown in Eq. (7) [10] . dp ¼
where the superscript "*" denotes the transpose of a vector or matrix, g is the gravity vector, t is the force per unit length acting on the boundary G, du and dε virtual variations of displacement u and associated strain vector ε, respectively and U is the solution domain. The total strain experienced by the material is subdivided into thermal, elastic and viscoplastic components, as shown in Eq. (8) [11] .
where ε is the strain and subscripts T, e and p represent thermal, elastic and viscoplastic components, respectively. Thermal strain is calculated using Eq. (9).
where b is thermal expansion coefficient as a function of temperature, I is the identity tensor and T Coh is the coherency temperature, at which the mushy material has formed and interconnected structure can start to sustain some stress. Elastic strain below the coherency temperature is calculated using Hooke's law as shown by Eq. (10) .
where the material's temperature dependent elastic modulus and Poisson's ratio form the matrix D [10, 11] . The constitutive behavior of the AZ31 magnesium alloy is modeled using the extended Ludwig equation developed based on some high temperature measurements of AZ31 at a range of elevated temperatures and strain rates [12] as shown in Eq. (11) .
where s is the stress tensor, _ε p is the strain rate, ε p is the strain, K is the strength coefficient, n is the strain hardening exponent and m is the strain rate sensitivity exponent. _ ε po and ε po are small numerical constants needed to ensure that at a plastic strain of zero, the yield stress of the material is correct. (12) and (13).
Boundary conditions
where V x and V y are the components of velocity in x and y directions, respectively; V in is the inlet velocity and T cast is the casting temperature. The liquid velocity at the inlet is calculated from the casting speed while the mass is conserved during the process.
Nozzle surface (G 2 and G 3 ): this region is assumed to be adiabatic (no heat loss) and that there is a no-slip wall condition (no relative velocity between the fluid and the boundary). Roll/strip interface (G 4 ): in this region a no-slip rotating wall is defined. The heat transfer between the roll and the strip is defined using a heat transfer coefficient (HTC) as shown in Eq. (16) . For the analysis it was assumed that HTC's value remained constant from the first point of contact of the liquid against the roll surface to the exit of the strip from the rolls.
where k is the thermal conductivity, T is temperature, HTC is the heat transfer coefficient, n is the normal direction to the strip surface, T s is the strip surface temperature and T 0 is the roll surface temperature.
Outlet (G 5 ): the exit velocity is equal to the casting speed.
where V cast is the casting speed.
Center-line (CL, G 6 ): the center-line is considered to be a symmetry boundary with no fluid flow or heat transfer across the interface.
Inner roll surface/circulated water interface (G 7 ): there is heat transfer from the roll material to the coolant water inside the roll. Similar conditions of Eq. (16) is governing here, the water temperature is 40 C and the HTC¼40 kW/ m 2 C is applied.
Besides thermal and fluid boundary conditions, the appropriate mechanical boundary conditions have been assigned to the model. At the free surfaces, i.e., inlet and nozzle surface (G 1 , G 2 and G 3 ), there are no constraints on the displacements. The effect of material constraint at the outlet is simulated by assigning a fixed normal pressure, while at the center-line a fixed normal distributed stiffness plays the same role [13] . The interaction between the cast material and the roll surface at the strip/roll interface, G 4 , is described using a friction law shown by Eq. (20).
where t crit is the critical shear stress, P is normal pressure and m is the coefficient of friction. For the present study a coefficient of friction m ¼ 0.4 was chosen which is typical for hot rolling. 
Solution domain
For the finite element discretization, rectangular isoparametric elements with four nodes were chosen as depicted in Fig. 3 . Since the TRC process is a continuous casting process and a part of the domain is moving with the casting speed, an appropriate coordinate system should be considered. So, the solution domain for the cast material is divided to two subdomains; a fixed domain and an expanding domain. For the fixed domain, which consists of the region inside the nozzle, an Eulerian coordinate system is defined. The expanding domain represents the part of the domain moving inside the roll bite region as the process proceeds. So, an Arbitrary Eulerian Lagrangian (ALE) coordinate system is applied to define the expanding domain and moving grid properly. Moreover, the roll is described by a Lagrangian coordinate system as well. Once the discretized domain is defined it is imported to the commercial FEM package ALSIM [14] in addition to the boundary conditions and material properties to couple and solve the equations to perform modeling.
Material properties
Thermo-physical properties of AZ31 magnesium alloy, used for the model in the current study, were available in the literature as shown in Table 2 . In order to conduct a representative model of the TRC process, the non-equilibrium (Scheil cooling conditions) solidus and liquidus temperatures were used for the AZ31. Values reported by Hao et al. [15] , generated by the computational thermodynamics database JMatPro, were used. The Scheil cooling conditions' fraction solid used for latent heat release calculation is shown in Fig. 4 . Table 3 illustrates AZ31 Young's modulus and thermal expansion coefficient. Table 4 shows the parameter used in the constitutive equation of AZ31 (Eq. (11)). Table 5 shows the casting conditions modeled in the present study. The purpose of the model is to analyze the effect of casting speed and set-back distance ([ 1 in Fig. 1 ). Set-back distance (SB), is defined as the distance between the nozzle entry and the kissing point and is calculated using Eq. (21).
Casting conditions
where R is the roll radius and Dt is the reduction (the difference between entry and final thickness). As seen in Eq. (21), for a given roll radius (177.5 mm for the current study), varying the reduction changes the set-back distance. To change the reduction the entry thickness could be kept constant and the final thickness varies or vice versa. Both approaches have been used in the present work to analyze three set-back distances of 32.5, 37.5 and 41.8 mm. First the entry thickness was set to 12 mm and the final thickness varied between 2, 4 and 6 mm. In another set of simulations, the final thickness was kept constant at 6 mm and the entry thickness varied to 14 and 16 mm. So for a given set-back distance the effect of both entry thickness and final thickness was quantified. Table 4 Parameters represented in Eq. (11) for AZ31 magnesium alloy [12] . Table 5 Casting conditions modeled in the present study.
Casting temperature (T cast ) ( C) Table 6 shows the measured strip surface temperature obtained during the experiments. The exit strip temperature represents the overall view of the amount of energy extracted in the roll bite. So, as a part of model validation the model was run using various values for HTC range 10e20 kW/m 2 C and then the predicted exit temperatures were compared with the measured ones to evaluate the optimum HTC. As shown in Fig. 5 , the comparison suggested the optimum value for HTC is 11 kW/m 2 C since the predicted values match the measured ones in a range of AE10% error. Fig. 6 illustrates the typical as-cast microstructure of the twin roll cast AZ31 through the thickness of the strip. The microstructure consists a chill zone at the surface followed by a columnar dendritic zone and an equiaxed zone at the strip center. Fig. 7 illustrates more details of the dendritic microstructure development during TRC of AZ31 magnesium alloy and part of the procedure of SDAS measurement on the optical microstructure. Fig. 8 represents the measured SDAS through thickness versus the predicted values for two trials, using the optimum HTC ¼ 11 kW/m 2 C. As observed, the largest SDAS occurs at the center-line due to lowest cooling rate and finest SDAS is observed at the strip surface. There is a fairly good agreement (within 20%) between the measured and predicted values. The validation procedure shows the fair accuracy of the model for further assessments.
As-cast microstructure
Discussion
Microstructure evolution
As observed in Fig. 5 , at the strip surface, where direct contact between the molten material and roll surface occurs, the cast material experiences the highest cooling rate during the process. Initially, a thin layer of a rapid cooled microstructure is formed on the surface of the strip which is known as the chill zone. Below the chill zone, a columnar dendritic zone develops in the direction of heat removal. Due to the rotation of the rolls these columnar grains incline from the surface to the center of the strip. By growing the columnar zone toward the center of the strip, the solute is rejected to the remaining liquid metal. Due the presence of the solute rich liquid material an equiaxed zone is formed at the strip center.
Thermal history of the cast strip
Once the molten material enters the space between the rolls and touches the roll surface, heat is extracted from the molten metal and solidification at the surface of the strip starts almost immediately as the material is pulled into the roll bite. The temperature continues to drop as the strip moves through the Table 1 , using HTC ¼ 11 kW/m 2 C. The solid line shows the perfect match and two dashed lines show AE10% variance from the perfect match. Fig. 6 . As-cast microstructure of twin roll cast AZ31 through thickness for trial #3.
roll bite until the solidus temperature is reached and then the solid strip continues to cool and experience plastic deformation.
By increasing the casting speed, less time is provided for heat transfer to occur between the strip and the roll and consequently higher exit strip temperature are obtained. Fig. 9 shows the model-predicted effect of casting speed (v) on the temperature profile at the center-line position for [ 1 ¼ 32:5 mm. A plateau can be seen in the temperature history at the liquidus temperature due to the release of the latent heat of fusion as solidification proceeds. Since the casting temperature for all cases is the same, 677 C, the temperature at the entry for the four cases is almost the same, but at the exit (kissing point) a significant variation in temperature is observed due to the different contact times between the strip and the roll. Moreover, by increasing the casting speed, the solidification front at the center-line is moved further into the roll gap toward the caster exit and the depth of the mushy zone increases as the casting speed increases. The occurrence of the solidification over a longer distance and variations in the strip temperature profile will also affect the stress field development in the solid strip. Fig. 10 illustrates the model-predicted effect of casting speed (v) on the exit temperature at the center-line (T CL ) for various set-back distances. Conducting the process with a longer set-back distance for a given casting speed leads to a lower exit temperature. This is due to providing a longer arc of contact at the strip/roll interface and consequently more heat transfer from the cast metal to the roll material. As the setback distance increases, the exit temperature becomes more sensitive to the casting speed. Increasing the set-back distance by reducing the final thickness is more effective on the T CL than increasing the entry thickness. As seen in Fig. 10 , the slope of T CL ev graph slightly decreases by increasing the entry thickness for a final thickness of 6 mm. Meanwhile, decreasing the final thickness for entry thickness of 12 mm significantly shifts the T CL ev graph toward the horizontal axis. Table 7 illustrates the linear correlation between T CL and v.
Surface stress development
Similar to a cold or hot rolling process, normal stress (s yy ) occurs on the solidified strip surface during TRC. The normal stress gradually approaches a peak value as the strip approaches the neutral point and then decreases as the strip moves toward the exit region. Beside the normal stress, a shear stress (s xy ) is also developed on the strip surface due to the relative motion between the strip and work rolls, as observed in Fig. 11 . The cast material experiences a velocity profile which increases from the entry to the exit point; it moves slower than the rotating rolls prior to the neutral point, reaches the rolls' speed at the neutral point and then travels faster than the rolls beyond the neutral point. The speed profile at the strip surface shows a sudden increase from 0.0 to around 0.63 m/ min at the entry region since the material is pulled from the nozzle inside into the roll bite. Since the no-slip conditions govern the nozzle surface, the liquid surface speed at the entry of the roll bite is 0.0 m/min. Continuing along the arc of contact the cast material speed approaches the casting speed (1.0 m/min in this case) and remain at this speed over a distance due to existence of sticking conditions at strip/roll interface. Near the exit point of the caster the solid material is squeezed out of the caster and experiences an increase in speed. This relative motion at the strip/roll interface leads to positive, zero and negative shear stress prior, at and beyond the neutral point, respectively, as shown in Fig. 11a. Fig. 11b shows the normal and shear stress development on the strip surface for [ 1 ¼ 32:5 mm at v ¼ 1.0 m/min as well as the strip solidification contour map in the roll bite. The liquid-solid profile in Fig. 11b illustrates the liquid metal ( f s ¼ 0) , the non-coherent metal (mushy zone prior to the coherency point; f s < 0.9), coherent metal (mushy zone beyond the coherency point; f s ! 0.9) and the fully solid metal ( f s ¼ 1). The stress does not start to develop immediately at the point where the first fully coherent shell forms on the roll surface. The reason is that the pressure applied to the surface of the strip is transmitted to regions below the solid shell, i.e. in the mushy zone and melt sump. Since the liquid and the non-coherent metal cannot sustain the stress, they do not support the coherent shell and hence no stress is experienced on the surface. Continuing the process, the coherent shell grows and thickens; once an adequate thick shell is reached and enough support is provided for the solid shell, the stress experienced at the surface rapidly increases. Analyzing the stress development for various casting speeds shows that by increasing the casting speed, the thickness of the coherent shell on the roll surface decreases and the stress development at the surface is delayed in the roll gap.
Further analysis of stress development shows that the normal stress indicates a double peak or fluctuation over the peak region. This phenomenon could be due to the interaction between the normal and shear stress. Over the distance where the positive shear stress develops, the normal stress approaches the peak value and once the shear stress approaches to values near zero the normal stress experiences a drop to the lower peak. The lower peak exactly occurs at the position where shear stress is zero. Beyond the neutral point, by decreasing the shear stress to the negative values, the normal stress approaches the second peak and then decreases.
The effect of casting speed on the strip surface normal and shear stress for [ 1 ¼ 32:5 mm is shown in Fig. 12 . Casting at higher speeds has two effects; spatial retardation of the stress development toward the exit region and a drop of the peak stress since solidification starts further into the roll bite. Moreover, as the casting speed increases, since less solidified material has undergone plastic deformation and this deformation occurs at higher temperatures, the stress level decreases. Besides, the neutral point shifts toward the exit region by conducting higher casting speeds. Fig. 13a shows the predicted normal stress on the surface for a range of set-back distances at v ¼ 2.0 m/min. The xposition is normalized to account for the entry (0) and exit (1) positions of the strip in the roll bite. The stress profiles shows that reducing the set-back distance leads to lower levels of stress and also a shift in the position in the roll bite where the stress starts to develop, as illustrated in Fig. 13b . The associated solid strip profile and solidification front in the roll bite region for three cases with final thickness of 6 mm is shown in Fig. 14 . Increasing the set-back distance decreases the sump depth and moves the solidification front position closer to the roll bite entry. As a consequence the stress experienced by the material starts to develop at a point closer to the entry and goes up to higher peak values since the thickness of the solid material which experience the plastic deformation increases. In other words, the amount of "reduction" during the "hot rolling" part of the TRC process increases by increasing the setback.
Roll separating force (SF)
Roll separating force (SF) is the force applied on the work rolls due to the resistance of the material against the deformation and tends to separate the rolls. Fig. 15 shows the modeling results of casting speed's effect on the rolling force per unit width of the strip for different set-back distances. Increasing the casting speed causes lower roll separating force since the amount of solid material which is imposed to the plastic deformation decreases. Moreover, casting with longer set-back distance leads to higher separating force; controlling the set-back distance by the final thickness causes higher separating forces than controlling the set-back distance by the entry thickness.
The relationship between the roll separating force and the casting speed follows an exponential trend in the form of Eq. (22).
where SF is the separating force per unit width of the strip, a and b constants and v casting speed. Table 8 shows the constants for each set-back distance.
5.5. Effective strain (ε eff ) at the center-line prior the full solidification; this is due to a high strain rate experienced by the material in this region. The assessment of the velocity profile at the center-line showed that the material is being squeezed in the mushy zone since it is experiencing a reduction in thickness. Once the material reaches the coherency temperature, a high strain rate due to the squeezing is obtained and since the material is sensitive to strain rate at high temperature, a peak is observed in the stress at the centerline in the mushy zone. The high level of stress, consequently, causes a jump in the strain. Beyond the solidus temperature, the effective strain continues to increase gradually up to the maximum value and no more change is observed after the neutral point since the material is not deformed beyond this point. Fig. 17 shows ε eff at the center-line affected by the casting speed for [ 1 ¼ 32:5 mm. As expected, less plastic deformation is experienced by the cast metal by increasing the casting speed since solidification front shifts toward the exit region.
The effective strain at the center-line for different set-back distances at v ¼ 2.0 m/min is shown in Fig. 18 . As the set-back distance increases for a final thickness of 6 mm, a slight increase in the effective strain is observed; however, for an entry thickness of 12 mm decreasing the final thickness leads to a dramatic increase of effective strain. Table 9 shows the reduction with respect to the thickness of the strip at which the strain starts to develop (t def ) at the center-line for each case and the corresponding effective strain at the exiting point of the caster (ε eff-max ). Obviously, more reduction experienced by the solidified material causes higher effective strain at the exiting point of the caster.
Since roll-separating force is a typical parameter measured during TRC process, this parameter can be correlated to the amount of plastic deformation experienced by the cast strip during the process. A relationship between roll separating force and maximum effective strain at the center-line (ε eff-max ) was determined. Fig. 19 illustrates the ε eff-max versus SF per unit width of the strip for set-back distances with entry thickness of 12 mm. The correlation between two parameters for each set-up follows a logarithmic trend as shown by Eq. (23). The corresponding constants are presented in Table 10 .
where ε effÀmax is the maximum effective strain at the centerline and g and d are constants.
Conclusions
A two-dimensional thermal-fluid-stress mathematical model was developed and validated for the TRC of AZ31 magnesium alloy using the commercial FEM package, ALSIM. The current model was used to study the effect of setback distance and casting speed. The validation was conducted by comparing the predicted and measured strip temperature at the exit point of the caster and the SDAS through the strip thickness. The important conclusions of this work include:
1. The microstructure of the as-twin roll cast AZ31 consists a chill zone at the strip surface, a columnar dendritic zone beneath the chill zone and an equiaxed dendritic zone at the center of strip. The finest SDAS was observed at the strip surface where the highest cooling rate is occurred and the largest SDAS was recognized at the strip center where lowest cooling rate is happened. 2. Increasing the casting speed and casting with shorter setback distances causes higher temperature at the exit point of the caster. The relation between the casting speed and exit temperature seems to be linear and the exit temperature is more sensitive to set-back distance at higher casting speeds. 3. Lower level of normal stress on the strip surface is achieved when casting at higher speeds. Moreover, increasing the set-back distance leads to higher stress peak and a shift of stress development starting point toward the roll bite entry zone. 4. The roll separating force has a similar trend to strip surface normal stress; higher values are achieved at lower casting speeds and longer set-back distances. The relation between roll separating force and casting speed follows an exponential trend. 5. The cast strip experience higher effective strain at the center-line when it is cast with lower casting speed and longer set-back distance. The relationship between the maximum effective strain at the center-line and roll separating force was observed to be logarithmic. Table 9 The % reduction experienced by the solidified material for each set-up at v ¼ 2.0 m/min. 6. Changing the set-back distance by varying the final thickness has more significant effect on the thermomechanical results than altering the nozzle entry thickness.
